We report for the first time low-level quinolone resistance mediated by decreased expression of topoisomerase IV in Staphylococcus aureus. A single-step mutant of wild-type S. aureus strain ISP794, P18 selected by using twice the MIC of premafloxacin, had four-and four-to eightfold greater MICs of premafloxacin and ciprofloxacin, respectively, than the wild type. Sequencing of parEC and gyrBA with their promoter regions revealed a point mutation (G3A) 13 bp upstream of the start codon of parE. Genetic linkage studies showed that there was a high level of correlation between the mutation and the resistance phenotype, and allelic exchange confirmed the contribution of the mutation to resistance. Decreased expression of ParE and decreased steady-state levels of parEC transcripts in P18 and in resistant allelic exchange mutants were observed. The steady-state levels of gyrBA and topB transcripts were increased in P18 but not in two resistant allelic exchange mutants, and sequencing upstream of either gene did not reveal a difference between ISP794 and P18. The steady-state levels of topA transcripts were similar in the various strains. Growth competition experiments performed at 30, 37, and 41°C with a susceptible allelic exchange strain and a resistant allelic exchange strain suggested that loss of fitness was associated with reduced levels of ParE at 41°C. However, P18 had a growth advantage over ISP794 at all temperatures, suggesting that a compensatory mechanism was associated with the increased levels of gyrBA and topB transcripts. Thus, reduced levels of ParE appear to be compatible with cell survival, although there may be a fitness cost during rapid cell multiplication, which might be overcome by compensatory mechanisms without reversion of the resistance phenotype.
Quinolone antimicrobial agents interact with two type II topoisomerases, DNA gyrase (composed of two subunits, GyrA and GyrB) and topoisomerase IV (composed of two subunits, ParC and ParE), in Staphylococcus aureus and many other bacteria. Both of these enzymes are essential, but they have distinct and overlapping functions in the cell. DNA gyrase, the only enzyme that introduces negative supercoils into DNA, can also remove negative and positive supercoils, which accumulate ahead of the replication fork and in areas of gene transcription by RNA polymerase (48, 49) . Although the gyrase can also resolve catenanes accumulating behind the replication fork, it does so substantially less efficiently than topoisomerase IV (55) . Thus, the principal function of topoisomerase IV is the decatenation of interlinked replicated daughter chromosomes (1) , an activity that it performs more efficiently than gyrase. Topoisomerase IV can also remove both negative and positive superhelical twists in vitro (28) .
Type I topoisomerases, which are not targets of quinolones or other antimicrobial agents in clinical use, have additional roles in the cell that complement those of the quinolone target, type II enzymes. Topoisomerase I, encoded by the topA gene, opposes the negative supercoiling activity of DNA gyrase, removing negative supercoils from circular DNA and preventing excessive supercoiling. DNA supercoiling is under tight homeostatic control, involving reciprocal regulation of gene expression for DNA gyrase and topoisomerase I (13, 44) . Topoisomerase III, the second type I topoisomerase, which is encoded by the topB gene, appears to play an important role in stabilization of the bacterial genome, and topB deletion mutants have increased rates of spontaneous deletions and RecAindependent recombination (43) . Topoisomerase III, originally identified by its DNA-relaxing activity, is in fact inefficient in this function (41) and has been found to function as a decatenase in vitro (15) and, when overexpressed, in the removal of precatenanes in vivo (41) , thus potentially complementing the function of topoisomerase IV.
The overlapping functions of different topoisomerases potentially allow compensation for a defect in one enzyme by changes in expression of another. For example, hyperexpression of gyrase may complement defects in topoisomerase IV (28) , hyperexpression of topoisomerase IV may complement defects in topoisomerase I (27) , and hyperexpression of topoisomerase III may complement defects in topoisomerase IV (41) . Several organisms, including, Treponema pallidum, Mycobacterium tuberculosis, Mycobacterium smegmatis, Mycobacterium leprae, and Helicobacter pylori, do not contain genes encoding the subunits of topoisomerase IV (17, 42) . Thus, in these species a gyrase or possibly another topoisomerase must perform the decatenation functions performed by topoisomerase IV in other species (17) .
Quinolone antimicrobial agents act on type II topoisomerases by forming a ternary complex with the enzyme and DNA and by stabilizing a reversible enzyme reaction intermediate, the cleavable or cleavage complex, which can be converted to a form from which topoisomerase-mediated double-stranded DNA breaks are released. The lethal activity of quinolones is thought to result from the release of lethal, double-stranded breaks in DNA, an event that appears to require an additional poorly defined cellular function after formation of the ternary complex (9, 16, 34) . Thus, quinolones convert type II topo-isomerases to potent poisons which form DNA lesions that create double-stranded breaks in the genome (2, 29, 31) .
Resistance to quinolones in bacteria is due primarily either to chromosomal mutations in the type II topoisomerases that make the enzymes less sensitive to inhibition by quinolones or to alterations that affect the access of the drug to the topoisomerase targets, such as increased expression of efflux pumps alone or (in gram-negative bacteria) in combination with reductions in the outer membrane porin diffusion channels (17, 18) . Because for quinolones it is the DNA lesion formed by ternary complexes with the enzyme and drug that mediates quinolone activity, reductions in the levels of DNA lesions due to reductions in the amounts of a drug target enzyme could contribute to drug resistance. In this study, we observed for the first time low-level quinolone resistance mediated by decreased expression of topoisomerase IV in S. aureus. We also evaluated the consequences of reduced expression of topoisomerase IV for the bacterial cell.
MATERIALS AND METHODS
Bacterial strains, plasmids, growth conditions, and other materials. The bacterial strains and plasmids used are shown in Table 1 . Escherichia coli strains were grown in Luria-Bertani medium, and S. aureus strains were grown in brain heart infusion (BHI) medium, Trypticase soy medium (Becton Dickinson and Co., Sparks, Md.), or a minimal medium developed for S. aureus (51) . Most strains were grown at 37°C; the only exceptions were S. aureus strains with the thermosensitive plasmids derived from pCL52.1, which were grown at 30°C. Lysostaphin was obtained from AMBI Products Inc., New York, N.Y., premafloxacin was obtained from Pharmacia & Upjohn Pharmaceuticals, Kalamazoo, Mich., and ciprofloxacin was obtained from Bayer Corp., Westhaven, Conn. Ampicillin, nalidixic acid, novobiocin, spectinomycin, tetracycline, and ethidium bromide were obtained from Sigma Chemical Co., St. Louis, Mo. Spectinomycin and ampicillin were used at a concentration of 50 g/ml, and tetracycline was used at a concentration of 5 g/ml, except during integration of plasmid pCL52.1 into the chromosome, when it was used at a concentration of 3 g/ml. All primers used in this study were synthesized at the Tufts Core Facility, Boston, Mass., and are listed in Table 2 .
Selection and characterization of mutant P18. Mutant P18 was selected from wild-type S. aureus strain ISP794 on BHI agar containing twice the MIC of premafloxacin (0.008 g/l), as previously described (20) . The mutant was purified once on BHI agar containing the same level of premafloxacin and then on BHI agar without premafloxacin to ensure a pure culture prior to storage at Ϫ70°C.
MICs of premafloxacin, ciprofloxacin, novobiocin, nalidixic acid, and ethidium bromide were determined by the agar dilution method. MICs of all antimicrobials and chemicals were determined in duplicate at least twice on Trypticase soy agar (TSA) containing serial twofold dilutions of the antibiotics; when the changes in MIC were only twofold, MICs were determined three times. Growth was scored after 24 and 48 h of incubation at 37°C.
PCR amplification for sequence analysis. Chromosomal DNAs of S. aureus strains were extracted with an Easy-DNA kit (Invitrogen, Carlsbad, Calif.) following lysis with lysostaphin at a concentration of 0.1 mg/ml and were used as templates for PCRs. PCRs for parC, parE, gyrA, gyrB, the promoter region of parE, a 1,897-bp region upstream of gyrB, a 3,085-bp region upstream of topB, and the promoter region of norA were performed by using Vent DNA polymerase (New England Biolabs, Beverly, Mass.). An annealing temperature of 55°C and an extension time of 1 min for each 1,000 bp of PCR product were used for the reactions. PCR products were purified with a Compass kit (American Bioanalytical, Natick, Mass.). Automated DNA sequencing of the PCR products was performed by using an automated ABI 3100 DNA sequencer (Tufts Core Facility).
DNA transformation. For transformation in S. aureus, high-molecular-weight (HMW) DNA was prepared by the method of Stahl and Pattee (45) , and cells were made competent for transformation as described by Lindberg et al. (36) , except that the original inoculum was grown in Trypticase soy broth (TSB) at 35°C overnight in a shaking water bath. Bacteriophage ⌽55 was maintained on strain ISP225 and was used to render the S. aureus strains competent for transformation.
Correlation of resistance phenotype and genotype in genetic crosses. Erythromycin-resistant transformants of ISP794, which had been transformed with a derivative of mutant P18 containing a ⍀(chr::Tn917lac)2 insertion (encoding erythromycin resistance) linked to parEC, were screened for changes in the MIC of premafloxacin. Ten resistant transformants (MIC of premafloxacin, 0.032 g/ml) and 10 susceptible transformants (MIC of premafloxacin, 0.008 g/ml) were selected for PCR amplification and sequencing of the relevant promoter region and the structural gene of parE. The PCR primers used for amplification of the fragment encompassing the mutation in P18 were GRLB1 and GRLB1R (Table 2 ). An annealing temperature of 58°C and an extension time of 1 min were used for the reactions. DNA sequencing of the PCR products was performed to determine the presence of the mutation in resistant and susceptible transformants.
Cloning and allelic exchange. The PCR primers used to amplify a 652-bp internal fragment of parE together with the 378-bp upstream region and the conditions used for PCRs have been described previously (21) . Cloning into the thermosensitive shuttle vector pCL52.1 and the allelic exchange procedure were performed as previously described (21) . The resultant colonies following the allelic exchange procedure were screened for susceptibility to tetracycline at a concentration of 3 g/ml and for resistance to premafloxacin and ciprofloxacin at concentrations of 0.008 and 0.25 g/ml, respectively. Expression of ParE. Cell lysates were prepared from 20-ml overnight cultures of ISP794, P18, a resistant allele exchange strain (DIP18-35), and a susceptible allelic exchange strain (DIP18-55) in TSB incubated at 37°C by pelleting the cells, resuspending them in 500 l of phosphate-buffered saline (pH 7.4), and lysing them with lysostaphin at a concentration of 0.1 mg/ml in the presence of a complete protease inhibitor cocktail (Roche Molecular Biochemicals, Mannheim, Germany) for 1 min at 37°C, followed by 10 min on ice. Equal amounts of total protein were loaded in the wells of sodium dodecyl sulfate-12% polyacrylamide gels for electrophoresis, and the gels were blotted onto nitrocellulose membranes (NitroBind; 0.45-m pore size; Osmonics Inc., Westborough, Mass.). Experiments were repeated several times and were performed with different cell lysates to ensure that the differences seen were not due to chance differences in loading. The methods used for overexpression and purification of histidine-tagged ParE and GyrB proteins have been described previously (23) . Purified ParE protein was used as a positive control, and purified GyrB was used to show that there was no cross-reactivity between anti-ParE antibodies and GyrB. Polyclonal rabbit antisera against two epitopes of ParE (1:500; MNKQNNYSDDSIQC-amide and acetyl-CSEVQVLENDQFDEEFI-OH) prepared by QCB Division, Biosource International, Inc., Hopkinton, Mass., were used for Western blot analysis. Anti-rabbit immunoglobulin G peroxidase conjugate (1:5,000; Sigma-Aldrich, Inc., St. Louis, Mo.) was used as the secondary antibody.
To quantify changes in the levels of protein on Western blots, densitometry was performed by scanning the photographs and performing an analysis with a Power Macintosh G3 computer by using the public domain NIH Image program (version 1.61) (developed at the National Institutes of Health and available at http://rsb.info.nih.gov/nih-image/). The values were expressed in arbitrary units. The fold change in the signal intensity was determined after the background value was subtracted.
RNA analysis. Following growth of strains to the mid-logarithmic phase (optical density at 600 nm [OD 600 ], 0.6) in BHI medium and lysis with lysostaphin at a concentration of 0.1 g/ml at 37°C for 20 min, total S. aureus RNA was extracted with an RNeasy mini kit (Qiagen, Valencia, Calif.). The concentration of total RNA was determined spectrophotometrically by measuring the absorbance at 260 nm. For Northern blot analysis, 8 g of total RNA was electrophoresed in a 1% agarose-0.66 M formaldehyde gel in morpholinepropanesulfonic acid (MOPS) by using a NorthernMax kit (Ambion Inc., Austin, Tex.) and was blotted onto Hybond-Nϩ membranes (Amersham Pharmacia Biotech, Little Chalfont, Buckinghamshire, United Kingdom) with a vacuum blotter (Bio-Rad Laboratories, Hercules, Calif.). Visualization of the rRNA bands in ethidium bromide-stained agarose gels was used to validate the equivalence of total RNA added in the lanes prior to transfer to the blotting membranes. DNA probes for topoisomerase genes amplified from the ISP794 chromosome and labeled with psoralen-biotin were used for detection of specific RNA molecules (BrightStar psoralen-biotin nonisotopic labeling and detection kits; Ambion). The primers used for generation of probes are shown in Table 2 . An annealing temperature of 55°C and an extension time of 1 min for each 1,000 bp were used for the PCRs. PCR products were extracted with a Compass kit before labeling. The probes for parE, parC, gyrB, gyrA, topA, and topB mRNA were 234, 225, 266, 316, 272, and 213 bp long, respectively. Northern blots were hybridized with probes overnight, washed, and autoradiographed with Hyperfilm ECL (Amersham Pharmacia Biotech). A Northern blot analysis for each gene was performed at least three times with at least two different RNA samples.
To quantify changes in levels of RNA on Northern blots, densitometry was performed by scanning the radiographs and performing an analysis with a Power Macintosh G3 computer by using the public domain NIH Image program as described above for protein quantification on Western blots. The values were expressed in arbitrary units, and the fold change in the signal intensity was determined after the background value was subtracted.
Fitness of the mutant. S. aureus strains grown on TSA overnight were pelleted and resuspended in normal saline to an OD 600 of 0.1; this was followed by 1:100 dilution into BHI broth, TSB, or supplemented defined medium (51) . Separate cultures were grown at 30, 37, and 41°C with shaking, and the OD 600 was measured hourly for up to 8 h. Colony counts were determined by plating appropriate dilutions of cultures on TSA at 0, 4, and 8 h. The biological cost of resistance was studied by performing competition experiments. Overnight cultures of a resistant allelic exchange transformant (DIP18-35) and a susceptible allelic exchange transformant (DIP18-55) on TSA were resuspended in TSB to an OD 600 of 0.1, and 250 l of each resuspension was used to inoculate 25 ml of TSB, resulting in a final concentration of ϳ10 6 CFU/ml. Following growth for 4 h, the cultures were diluted 1:100 in fresh TSB and grown overnight. Sampling on TSA was performed at various times, and Ն100 colonies from each time were screened for resistance to premafloxacin. Competition experiments were performed at 30, 37, and 41°C in duplicate at least three times. Competition assays were also performed in duplicate twice for wild-type strain ISP794 and the original mutant P18 as described above. The competition results were expressed as the ratio of the number of sensitive colonies to the number of resistant colonies at each time examined (5).
RESULTS
Characterization of P18. The MICs of premafloxacin and ciprofloxacin were fourfold greater for mutant P18 than for wild-type strain ISP794 (Table 3) ; this difference in MICs was similar to the differences observed for other first-step mutants with parEC mutations selected with premafloxacin (20) . The MICs of novobiocin (which was used to screen for some parE mutations [11, 12, 20, 21, 23, 24] ) and nalidixic acid (which was used to screen for some gyrA mutations [23] ) were not different for the mutant and the wild type. Because other premafloxacin-selected, first-step mutants of S. aureus had had mutations in parE or parC (20) , we first sequenced the quinolone resistance-determining regions of the parE and parC structural genes of mutant P18. After we found no mutations in these regions, we determined the complete sequences of the parE and parC genes and unexpectedly found a single point mutation (G3A) 13 bp upstream of the ATG start codon of parE, between the start codon and a putative ribosomal binding site (52) (Fig. 1) . The complete sequences of the gyrA and gyrB FIG. 1. Nucleotide sequence upstream of ParE. The Ϫ35 and Ϫ10 regions of the putative promoter, the presumptive Shine-Dalgarno (SD) sequence, the start codon for ParE, and the G3A mutation at position Ϫ13 are underlined (52) . genes, including the 179 bp upstream of gyrB, were also determined, and no additional mutation was found. The MIC of ethidium bromide (which was used to screen for overexpression of the NorA efflux pump [26] ) for mutant P18 was not different from the MIC for ISP794, suggesting that there is not overexpression of NorA or other as-yet-unidentified efflux pumps that contributes to the resistance phenotype. Sequencing of the promoter region of norA confirmed that there was no mutation.
Genetic linkage of quinolone resistance loci. To define the relationship of the novel mutation to the quinolone resistance phenotype, genetic crosses in which HMW chromosomal DNA was used were performed as previously described (20) (12, 20, 21, 40, 46) . Incrossing experiments were performed to assess whether the proportion of transformants that regained the susceptible phenotype was consistent with the known linkages of these Tn917 insertions and parE ϩ and to generate transformants in which Tn917 insertions were linked to the mutant parE allele; such transformants were then used to prepare HMW DNA to demonstrate by transformational outcrossing that the mutant phenotype and the mutant parE allele were linked to the Tn917 insertions and to each other. Thus, first HMW chromosomal DNA from strain ISP2133 ⍀(chr::Tn917lac)2 parC ϩ parE ϩ or ISP2134 ⍀(chr::Tn917lac)1 parC ϩ parE ϩ was used to transform mutant P18, with selection for Erm r . One Erm r transformant (P183315) that contained ⍀(chr::Tn917lac)2 linked to parEC and that retained the premafloxacin resistance phenotype of P18 was then used to prepare HMW chromosomal DNA for a transformational outcrossing experiment with wild-type strain ISP794 (parC ϩ parE ϩ ). In the incrossing experiments (Table 4) , the linkages of the susceptible phenotype (associated with parE ϩ ) to ⍀(chr:: Tn917lac)2 and ⍀(chr::Tn917lac)1 were similar to those previously identified for established resistance mutations in parC (20, 21, 46) and parE (12, 21) and were also shown in parallel experiments to be similar to the linkage to parC (Ser80Phe). In an outcrossing experiment (Table 4) , as in the incrossing experiments, the linkage of the resistance phenotype to ⍀(chr::Tn917lac)2 was again similar to the linkages reported for known parEC resistance mutations (12, 20, 21) , establishing that the resistance phenotype was genetically linked to these Tn917 insertions in a manner consistent with the hypothesis that the phenotype was due to the mutant parE allele.
To establish the concordance of the resistance phenotype and the presence of the mutant parE allele, direct DNA sequencing of the amplicons encompassing parE and its upstream region was performed, and this revealed the presence of the mutant allele in 10 of 10 resistant outcrossed transformants and the presence of the wild-type allele in 10 of 10 susceptible outcrossed transformants. Thus, the presence of the novel mutation strongly correlated with resistance and appeared to be sufficient to account for the resistance phenotype.
Proof of the role of the novel mutation obtained by allelic exchange. To obtain definitive proof of the role of the novel mutation in resistance in mutant P18, allelic exchange of the on December 24, 2017 by guest http://jb.asm.org/ mutation in the parent strain was performed. Following introduction of the mutation into wild-type S. aureus strain ISP794, the MICs of ciprofloxacin (0.5 to 1.0 g/ml) and premafloxacin (0.016 g/ml) for both the P18 mutant and the genetically constructed resistant strains were found to be the same and were fourfold higher than the MICs for the wild-type strain. The presence of the desired mutation in two resistant allelic exchange transformants was also confirmed by direct DNA sequencing of PCR products performed with the primers used for correlation of the resistance phenotype and genotype in outcrossed transformants. Levels of ParE in wild-type and resistant strains. A novel resistance mutation near the ribosomal binding site of parE was predicted to decrease the expression of ParE. To test this hypothesis, Western blot analyses of cell extracts (Fig. 2 ) from wild-type strain ISP794 (lane 2) and mutant P18 (lane 3), as well as susceptible (DIP18-55) (lane 4) and resistant (DIP18-35) (lane 5) transformants generated during the allelic exchange procedure, were performed by using anti-ParE antisera. Reduced amounts of an immunoreactive, 79,000-kDa band were found in the resistant strain (P18 and DIP18-35) extracts compared to the amounts in the extracts from the wild-type parent strain and the susceptible transformant, which is consistent with the presence of reduced amounts of ParE in the mutant (Fig. 2) . As determined by scanning densitometry, the reductions were 3.3-fold for P18 and 3.0-fold for DIP18-35 compared to the amounts in the wild-type parent strain. Similar reductions in the amounts of ParE were seen in logarithmically growing cells (data not shown) and in the stationaryphase cells used for the experiment whose results are shown in Fig. 2 . Purified histidine-tagged ParE gave a positive signal, and purified histidine-tagged GyrB gave no signal, indicating the specificity of the antisera for ParE. Thus, the point mutation 13 bp upstream of the start codon of parE was associated with decreased expression of the ParE protein. An additional faint, 50-kDa, immunoreactive band was obtained with the P18 mutant. The nature of this band is uncertain, but we speculate that it could represent translation of an aborted parE transcript or a degradation product of ParE.
Transcriptional levels of parE, parC, gyrB, gyrA, topA, and topB. Northern blots of RNA from ISP794, P18, two resistant allelic exchange strains (DIP18-35 and DIP18-6), and a susceptible allelic exchange strain (DIP18-55), as well as a mutant with a common parC structural gene mutation known to cause quinolone resistance (MT522c4, Ser80Phe), were probed with psoralen-biotin-labeled DNA probes for parE, parC, gyrB, gyrA, topA, and topB. parE and parC are adjacent genes in S. aureus (total length, 4,393 bp), and the initiation codon of parC overlaps the stop codon of parE (10, 52) . Although each gene has a putative promoter and a putative ribosomal binding site (52) , parC expression appears to depend on the promoter of parE (11) . Northern analysis for parE and parC revealed polycistronic expression; a ϳ4.8-kb transcript corresponding to the transcription of parEC and a transcript slightly larger than 6 kb were found. The levels of the RNAs of both parE and parC were decreased in both the P18 mutant (3.3-and 2.9-fold, respectively) and the two allelic exchange transformants (DIP18-35 and DIP18-6) (3.3-fold) (Fig. 3A) , suggesting that effects at the level of transcription or mRNA stability contributed to the decreased levels of ParE in the constructs. Since the 4.8-and 6-kb transcripts changed concordantly, we speculate that the 6-kb transcript could represent a transcriptional readthrough of the parC transcriptional stop sequence at the end of parC rather than the result of readthrough of additional putative promoters upstream of parE.
Since defects in topoisomerase IV may be compensated for by overexpression of gyrase, we determined the levels of gyrB and gyrA mRNAs (Fig. 3B) . In S. aureus, gyrB and gyrA are adjacent genes, and there is a putative promoter upstream of gyrB (within the recF gene) and a putative transcription terminator just downstream of gyrA (8) . gyrBA (from the start codon of gyrB to the stop codon of gyrA) is 4,635 bp long (25) . Northern analysis of both gyrB and gyrA revealed two transcripts, a ϳ4.8-kb transcript and a more predominant transcript that was slightly larger than 6 kb, indicating that polycistronic transcription occurred. The smaller transcript presumably corresponded to gyrBA, and the larger transcript corresponded to gyrBA together with the upstream gene recF, which was in the same open reading frame (as determined by using the open reading frame finder at the National Center for Biotechnology Information website). The steady-state levels of both gyrBA transcripts were increased in the P18 mutant (ϳ2-fold increase, as determined by densitometry) but, unexpectedly, were not increased in the resistant allelic exchange mutants, suggesting that there may have been an additional mutation either in the promoter region of gyrB or in a regulatory gene that caused increased transcription of gyrase in the P18 mutant. Since there is a putative transcription terminator just downstream of gyrA and since recF is in the same open reading frame as gyrBA, we sequenced a region upstream of gyrBA, including the promoter region of recF, to determine if any mutation was present. Sequencing of the 1,793 bp upstream of the start codon of gyrB (including the 1,113 bp of recF and 671 bp upstream of recF) revealed no differences between ISP794 and P18.
Levels of topB mRNA, encoding topoisomerase III, which, when overexpressed, has been shown to be able to act as the principal cellular decatenase in E. coli (41) , were also determined. Similar to the results for gyrase, expression of topB was increased in the P18 mutant (approximately 1.7-fold increase, as determined by densitometry) but not in the allelic exchange mutants (Fig. 3C) . The main transcript for topB was ϳ4.1 kb long, and there was a weaker transcript at ϳ5.1 kb, whereas the gene itself is 2,136 bp long in S. aureus (4, 32) . Sequencing of the 3,085 bp upstream of the start codon of topB was performed for ISP794 and P18, and no mutation was found in P18.
Steady-state levels of topA mRNA, encoding topoisomerase I, were also determined by Northern analysis, and no differences were found among ISP794, P18, and the allelic exchange mutant (Fig. 3D) .
In vitro fitness of resistant strains. There was no detectable difference in the separately measured growth rates of ISP794, P18, resistant allelic exchange transformant DIP18-35, and susceptible allelic exchange transformant DIP18-55, as determined by both OD 600 and viable cell counting during growth at 30, 37, or 41°C in rich media (BHI broth and TSB) or supplemented defined medium (data not shown).
Since RNA analysis had indicated that there may have been compensatory increases in expression of DNA gyrase and topoisomerase III in the P18 mutant but not in the allelic exchange mutant, we postulated that a more subtle growth defect might result from the presence of reduced levels of ParE and that compensatory changes had occurred in the P18 mutant either upon selection or upon subsequent passage that were not present in the subsequently constructed allelic exchange mutant. Thus, we performed growth competition experiments with resistant (DIP18-35, mutation present) and susceptible (DIP18-55, no mutation present) transformants from the allele exchange experiment. No significant growth advantage for either strain (i.e., the ratio of the cell counts for the two strains remained stable and near 1 over time) was identified at 30 or 37°C. In contrast, for growth at 41°C at 24 h the competition ratio was approximately 10, with DIP18-55 outnumbering DIP18-35, suggesting that there was a loss of fitness at increased temperatures in the cells with reduced levels of ParE (Fig. 4A) .
Competition assays with the original mutant P18 and wildtype strain ISP794 were then performed to determine if the increased levels mRNAs of the genes encoding gyrase and topoisomerase III were associated with compensation for the growth defect seen in allelic exchange mutant DIP18-35. Interestingly, P18 outcompeted ISP794 at all temperatures, but the differences were most striking at 37 and 41°C, at which the competition ratios were 0.35 and 0.01, respectively (Fig. 4B) . Thus, although both P18 and DIP18-35 had the quinolone resistance mutation upstream of parE and reduced levels of ParE, the growth defect found in DIP18-35 was not present in P18, which distinctively exhibited increased levels of gene transcripts coding for gyrase and topoisomerase III.
DISCUSSION
Quinolones are often referred to as topoisomerase poisons due to their ability to trap a covalent topoisomerase-DNA complex as a topoisomerase-quinolone-DNA ternary complex and subsequent generation of double-stranded breaks in DNA that ultimately lead to cell death (9, 14, 31) . With agents that act in this manner, reductions in the amounts of a drug target can have the effect of reducing the number of poisonous complexes formed. Hence, a reduction in the amount of the topoisomerase IV in a cell could reduce drug action by reducing the number of ternary complexes, which are precursors of the lethal DNA lesions, thus leading to relative quinolone resistance. Low-level resistance to chemotherapeutic drugs that act as cellular poisons by targeting eukaryotic topoisomerase II has in fact been associated with decreased levels of this topoisomerase, in support of this principle (33) . Premafloxacin is an exceptionally potent quinolone which was initially evaluated for veterinary use (50, 56) . The primary target of premafloxacin in S. aureus is topoisomerase IV, and selection of novel mutations outside the quinolone resistancedetermining region suggested novel interactions of premafloxacin with topoisomerase IV (20) . During selection of single-step mutants of S. aureus with premafloxacin to determine its target enzyme, we selected a mutant with a four-to eightfold increase in resistance to quinolones and no mutation in the structural genes of the two type II topoisomerases (DNA gyrase and topoisomerase IV). A point mutation (G3A) was found 13 bp upstream of the ATG start codon of parE, just downstream of the putative ribosomal binding site. Genetic linkage studies showed that this mutation was correlated with the resistance phenotype, and its contribution to the resistance phenotype was firmly established by allelic exchange. This mutation, near the putative ribosomal binding site, was predicted to decrease expression of topoisomerase IV, primarily ParE. However, since ParC expression is also dependent on the promoter of ParE, decreased expression of both subunits of topoisomerase IV could occur. Western blot analysis of ParE revealed reduced amounts of ParE both in the original mutant and resulting from allelic exchange, thus providing the first example of low-level resistance to quinolones in bacteria due to reduced amounts of the target enzyme. We did not have access to specific antisera against S. aureus ParC and thus did not measure ParC levels directly. Reductions in the levels of parE and parC transcripts, however, suggest that the levels of the topoisomerase IV holoenzyme were similarly reduced. We do not yet know if the reductions in the levels of transcripts were due to decreased transcription (from changes in promoter strength or changes in the binding site for a regulatory factor) or decreased stability of the mutant mRNA.
Since topoisomerase IV is an essential enzyme and likely acts as the principal cellular decatenase under normal conditions, we evaluated the effects of reduced expression of this enzyme on cellular growth and sought evidence for compensatory mechanisms, which are often present when resistance mutations have negative effects on bacterial fitness (6, 7, 39) . The most sensitive method for detecting differences in fitness between strains is pairwise competition experiments, which by repeated measurements allow detection of fitness differences of Ͻ1% (3). The reduced levels of topoisomerase IV found in the allelic exchange mutant were associated with reductions in competitive growth in laboratory media at 41°C but not at 37 or 30°C compared to the growth of strains generated in the same experiment that lacked the mutation. Thus, it appears that the level of reduction of topoisomerase IV in this mutant has a detectable fitness cost only at high temperatures in laboratory media, conditions under which more rapid cell multiplication and DNA replication may result in the most stringent need for decatenase function in the cell. Interestingly, no discernible differences in colony size were observed for the exchange mutant and the parent strain grown on agar at any of the three temperatures studied. It is also possible that additional fitness costs might be detected under different conditions of growth of this pair of strains.
Surprisingly, however, we found no growth defect in the original P18 mutant compared to its parent strain, suggesting that it had acquired compensating mechanisms. We thus evaluated the possibility that altered expression of the other cellular topoisomerases may be associated with the lack of a growth defect in P18. The levels of the gyrBA and topB transcripts were increased in the original mutant but not in the two resistant allelic exchange transformants. Since DNA gyrase and topoisomerase III have both been shown to have decatenase functions as purified enzymes and under certain conditions in the cell, overexpression of either enzyme might compensate at least in part for downregulation of topoisomerase IV. We thus speculate that the increased levels of transcripts of both DNA gyrase and topoisomerase III reflected a compensatory mechanism that accounted for the absence of a growth defect and even an apparent growth advantage in mutant P18. Furthermore, these data suggest that a physiological compensatory mechanism was not responsible for the apparent increased levels of expression of gyrase and topoisomerase III in P18, since the levels of reduction of ParE were similar in both P18 and the resistant allelic exchange mutant, the latter of which exhibited no increase in gyrase or topoisomerase III transcripts. Thus, the compensatory mechanism was likely ge- netic and extragenic to parCE. In addition, no mutations were found upstream of gyrBA or topB. Thus, the genetic basis of the apparent compensatory mechanisms remains to be defined, but increased expression from both gyrBA and topB suggests the possibility that there is a regulatory mechanism that has not been defined yet. It is possible that a mutation(s) in addition to the mutation in parE was selected in P18 upon exposure to premafloxacin, which, like other quinolones, is likely to induce error-prone SOS DNA repair (37, 54) . We have described previously selection of a parC gyrA double mutant from a single plating on premafloxacin (20) . Thus, either a premafloxacininduced mutation or a spontaneous mutation overcame a more subtle growth defect during multiplication of P18 on laboratory media.
It is noteworthy that no change in the level of topA transcripts was seen in P18 or the allelic exchange mutants. Thus, the presumed compensatory effects in P18 do not affect all topoisomerases. Furthermore, although there is reciprocal regulation of DNA gyrase and topoisomerase I expression mediated by the DNA supercoiling dependence of the gyrase and topoisomerase I gene promoters (38, 44, 47) , the level of the DNA gyrase gene transcripts in P18 was not associated with a reciprocal reduction in the level of the topoisomerase I gene transcripts. We speculate that the weak DNA relaxation activity of topoisomerase III when the enzyme is overexpressed may counterbalance the increase in DNA supercoiling expected to occur with increases in the level of gyrase. The absence of mutations upstream of the gyrase and topoisomerase III genes further suggests that an undefined trans-acting compensatory mutation(s) may affect the levels of expression of these enzymes.
Reduced levels of ParE in the allelic exchange mutants appear to be compatible with cell survival without increased expression of gyrase or topoisomerase III. Thus, we speculate that S. aureus tolerates reduced levels of topoisomerase IV and that this tolerance may account for the broader range of quinolone resistance mutations found for this drug target compared to the mutations found for DNA gyrase. In addition to the mutation in P18, we found a range of quinolone resistance mutations outside the classical quinolone resistance-determining regions of ParC and ParE (20) (21) (22) (23) (24) , and purified topoisomerase IV reconstituted with some of the mutant subunits exhibited reduced catalytic function (X. Zhang and D. Hooper, unpublished observations). Although DNA gyrase and topoisomerase IV are both essential enzymes and there are lethal null mutations in the genes encoding subunits of these enzymes, the cell may tolerate incomplete reductions in the amounts of the two enzymes differently. Since DNA gyrase is the only cellular enzyme that can effect negative supercoiling of DNA, mutations that cause quinolone resistance and also produce incomplete reductions in the amount of active gyrase may be more poorly tolerated than mutations that reduce the functional levels of topoisomerase IV.
This difference between topoisomerase IV and gyrase further suggests that the range of first-step resistance mutations in the drug target may be greater for quinolones that target primarily topoisomerase IV than for quinolones that act on DNA gyrase as their primary target. In a recent survey, the reported alleles of gyrA associated with resistance in E. coli (gyrase is the primary target of most quinolones in E. coli) comprised 8 codons and resulted in 17 amino acid changes, and the reported alleles of parC associated with resistance in S. aureus (topoisomerase IV is the primary target of most quinolones in S. aureus) comprised 15 codons and resulted in 23 amino acid changes (19) . Importantly, our data also provide another example of how bacteria are able to overcome reduced fitness associated with chromosomal antibiotic resistance mutations by acquisition of extragenic compensatory mechanisms without reversion of the resistance phenotype (6, 7, 39) , a phenomenon that may be of increasing clinical importance as multidrug resistance increases. Also of concern is the observation that overcompensation appeared to occur such that the compensated P18 mutant grew more readily than the parent strain, a phenomenon that has also been reported for the virulence properties of antibiotic-resistant rpsL and gyrA mutants of Salmonella enterica serovar Typhimurium that developed extragenic mutations that overcompensated for the growth defects of the original mutants (6) . Thus, like adaptations to the costs of resistance in E. coli, adaptations to the costs of resistance in S. aureus may further enhance fitness in unexpected ways.
